The present study investigated the impact of birth weight on testicular development and 25 spermatogenesis in boars. Twenty four pairs of littermate boars were selected: one piglet 26 with the highest (HW) and the other with the lowest birth weight (LW) within the litter. 27
In the swine industry, both the number of offspring born and their developmental 48 competence are critical. In this sense, breeding programs have focused on the increase of 49 ovulation rate, however there was evidence that maternal limitations (uterine capacity) 50 could affect both litter size and the average birth weight of the litter due to impaired 51 placental growth and efficiency (Town et al. 2004; Wu et al. 2006) . 52
Placental insufficiency affects nutrient and oxygen supply, impairing fetal 53 development and growth (Pére and Etienne 2000; Wu et al. 2004; Town et al. 2004) , 54 which is severely aggravated in contemporary highly prolific commercial sows (Town et 55 al. 2004 ). In fact, increased fetal number (uterine crowding) is not followed by an 56 increase in uterine blood flow (Pére and Etienne 2000), which will lead to slowing of fetal 57 growth and the birth of an individual with lower birth weight, which did not reach its full The use of artificial insemination (AI) for breeding pigs has been instrumental for 67 facilitating global improvements in fertility, genetics, allocation of labour, and herd 68 health. The establishment of AI centers for management of boars and production of 69 semen has allowed for selection of boars for fertility and sperm production using in vitro 70 and in vivo measures (Knox 2016) . With respect to the boar, increased genetic indices, 71 fertility and high efficiency in the production of AI doses are main factors contributing to 72 the high performance of pig production (Knox 2014) . Given the importance of boars as 73 semen donors in AI centers, it is essential to monitor fertility in these animals as they may 74 represent a limiting factor for the improvement of reproductive efficiency of the breeding 75 stock through the quality of the ejaculate (Waberski et al. 2008). 76 In this context, the effects of birth weight on testicular development and its 77 implications on sperm production in boars deserves further investigation. If such effects 78 exist, it would be essential to know if they could be identified at birth or would be 79 apparent only later during their reproductive life. Therefore, the aim of the present study 80 was to evaluate testicular parameters associated with spermatogenesis efficiency in 81 different birth weight boars. 82 83
MATERIAL AND METHODS 84

Animals and Experimental Design 85
Forty-eight newborn male pigs Agroceres-PIC genotype (crossbred Landrace, 86
Large White and Duroc) from 24 litters, born to 4 th -6 th parity sows, in litters of 10 to 15 87 total born, and mean litter birth weight from 1.25 to 1.65 kg, were selected immediately 88 after birth, before they had suckled colostrum, and identified as falling into two birth 89 weight categories: high (HW: birth weight range from 1.85 to 2.15 kg; n=24) and low 90 (LW: birth weight range from 0.85 to 1.15 kg; n=24) littermates. The pair selected 91
represented the highest and lowest birth weight boars from each litter. The criteria used at 92 selection were based on the concept of intra-uterine crowding as performed in the study 93 of Alvarenga et al. (2013) . Birth weight ranges for each experimental group were 94 determined as mean +1SD to mean + 2SD for the HW and mean -2SD to mean -1SD 95 for the LW groups, based on the average (mean) and standard deviation (SD) of birth 96 weights previously obtained from 1,000 newborn piglets of the same genetic line. Litters 97 containing runts, defined as piglets weighing less than 700 g, were avoided. Furthermore, 98 in order to overcome possible litter birth weight effects on fetal development (Foxcroft et 99 al. 2006) , the piglets selected belonged to median birth weight litters, defined as the 100 average litter birth weight registered at the farm in the previous year. Hence, the average 101 litter birth weight range was 1.25 kg to 1.65 kg. At the end of selection, four experimental 102 groups were obtained: two sub-sets of 12 pairs of male littermates from each 103 experimental group which were bilaterally orchiectomized at eight days post-partum and 104 two sub-sets of 12 pairs of male littermates from each experimental group, 105 orchiectomized at eight months of age. 106
The surgical procedure used at both ages was the method of opened orchiectomy 107 described by Turner and McIlwaith (2002) . To perform orchiectomy in the 8 day-old 108 boars, a local anesthetic (0.3 mL 2% lidocaine hydrochloride, Cristalia, Itapira, Brazil) 109 was applied in the incision line. In the post-pubertal boars, surgical procedure was 110 preceded by general anaesthesia using an intravenous injection of 2% xylazine 111 hydrochloride (1.0 mg/kg, Bayer, Sao Paulo, Brazil) and10% ketamine (5.0 mg/kg, 112
Agener União, Sao Paulo, Brazil). A local anesthetic (20 mL 2% lidocaine hydrochloride, 113 Cristalia, Itapira, Brazil) was also applied in the incision line. The experiment was 114 approved by the Ethical Committee in Animal Experimentation of the Federal University 115 of Minas Gerais (protocol # 65/2011). 116
Biometrical data 117
All pigs studied were weighed at birth and at orchiectomy. Immediately after 118 orchiectomy, testes were weighed without the epididymis and biometrical measurements, 119 including width, height, and length, were made to calculate testicular volume (cm 3 ), 120 assuming the shape of a prolate spheroid. 121 122
Tissue preparation 123
Testicular samples were collected from the same area of the parenchyma (close to 124 the mediastinum) in the right and left testis in all animals with a razor blade and subjected 125 to different preparations according to the histomorphometrical, immunohistochemical, 126 gene expression, and sperm head count analysis. Samples of 1.0-2.0 mm thickness were 127 fixed through immersion in 5% glutaraldehyde in 0.05M phosphate buffer pH 7.3 for 24 128 hours, dehydrated in increasing concentrations of ethanol, embedded in glycol 129 methacrylate plastic resin (Historesin, Leica, Heidelberg, Germany), sectioned at 3 and 5 130 µm thicknesses and stained with toluidine blue sodium borate (Chiarini-Garcia et al. 
Body weight changes and testicular measurements 305
Body weight changes in both sub-sets (8 days and 8 months) from birth to the 306 time of orchiectomy are shown in Table 3 . Body weight differences observed at birth 307 were maintained until the time of orchiectomy, as LW animals had lower body weights 308 compared to their HW littermates in both sub-sets (P < 0.05). 309
Testicular weight and volume were also affected by birth weight, which was 310 shown by the lower values in LW compared to HW boars (Table 3) at both ages 311 evaluated. Interestingly, testis weight relative to body weight (gonadossomatic index -312 GSI: testis weight divided by body weight X 100) was similar between both experimental 313 treatments at the ages studied, demonstrating a proportional relationship between body 314 weight and testicular weight. 315 A litter of origin effect was evident for testicular weight, GSI and testicular 316 volume at 8 days (P < 0.05), which revealed the importance of the use of littermates when 317 designing experiments of this kind to account for the differences due to family. 318 Moreover, at 8 days of age, testicular weight was highly correlated with birth weight (r = 319 0.59, P <0.01) and body weight at castration (r = 0.73, P < 0.01) and Sertoli cell number 320 per testis (r = 0.65; P = 0.012); body weight was also positively correlated with Sertoli 321 cell number per testis (r = 0.56; P = 0.04). 322 323
Histomorphometrical analysis and spermatogenic parameters 324
Seminiferous cord/tubule diameter and the number of Sertoli cells per cross 325 section of seminiferous cord/tubule were not affected by birth weight class in both ages 326 studied. However, LW animals presented a significant reduction in seminiferous 327 epithelium height compared to their HW counterparts at 8 months of age (P < 0.05; Table  328 3). 329
The volumetric density of the testicular parenchyma components in both ages 330 studied is shown in Table 4 .The percentage of interstitium, seminiferous cord/tubule were 331 similar between groups at both ages, as well as the percentage of seminiferous tubule 332 components in 8 month-old boars. Additionally, the volumetric density of somatic 333 (Sertoli and Leydig) and germ (gonocytes at 8 days and type A spermatogonia at 8 334 months of age) cells were similar between groups at both ages. However, the numbers of 335 Sertoli, Leydig and germ cells (gonocytes at 8 days)per testis were lower at 8 days old 336 LW boars (P < 0.05), which was not observed in LW males at 8 months of age. Despite 337 the differences in total cell numbers per testis at 8 days-old, when these parameters were 338 calculated per gram of testis the results were similar between both experimental groups 339 (Table 4) . 340
Additionally, low birth weight was not associated with depletion in 341 spermatogenesis efficiency, represented by mitotic, meiotic and Sertoli cell efficiency 342 indexes ( Fig.1 ). Further evidence of normal spermatogenesis efficiency was established 343 by counting type A spermatogonia (HW: 1.0 ± 0.3; LW: 0.8 ± 0.2) and preleptotene 344 spermatocyte (HW: 23.4 ± 2.2; LW: 20.7 ± 4.1) per seminiferous tubule cross section, 345 which were similar between both experimental groups. Notwithstanding the lack of 346 treatment effect on spermatogonia A and preleptotene spermatocyte, a significant 347 reduction in the number of pachytene spermatocyte and round spermatid was observed in 348 LW boars (P < 0.05 - Table 5 ), that caused a decrease in the total number of round 349 spermatids, the most mature spermatogenic cells at stage I of the seminiferous epithelium 350 cycle. 351
352
Plasma testosterone concentration and relative expression of 17a-OH in the testes 353
Birth weight did not affect plasma testosterone concentrations or the relative 354 expression of 17a-OH in the testes, as represented by similar values for both parameters 355 evaluated between experimental groups at both ages (Table 3) . 356
357
Sperm counts and daily sperm production 358
Sperm counts, determined after tissue sonication, and daily sperm production 359 were affected by birth weight as LW boars presented lower total spermatids number. 360 However, when this number was adjusted for testicular weight (spermatid number per 361 gram of testis), both experimental groups showed similar values. 362
Interestingly, lower daily sperm production was observed in the LW males 363 compared to HW littermates (P < 0.05; Fig. 2 ). Moreover, a litter of origin effect was also 364 observed for spermatids number and daily sperm production (P < 0.05). 365 Birth weight and spermatogenesis in boars 1 Corresponding author address: Av. Antonio Carlos, 6627; e-mail: falmeida@icb.ufmg.br
Cellular proliferation activity 367
Cellular proliferation activity, measured by the percentage of MCM7-stained cells 368 relative to the total number of cells, was not affected by birth weight. Both treatment 369 groups showed similar proliferation activity for Sertoli cells (89.8 ± 2.6 vs 94.8 ± 2.6 %), 370
Leydig cells (24.4 ± 3.0 vs 26.1 ± 3.0 %), and gonocytes (63.0 ± 6.0 vs 62.4 ± 6.0 %;), 371 respectively for HW and LW 8-day old boars (Fig.3A) . which is an indicator of the testicular relative weight, was similar between both 396 experimental groups, suggesting that testes size is proportional to body size (Table 3) . 397
The correlation between birth weight and body weight at castration (r = 0.73, P < 0.01) 398 provides strong evidence of their dependence. Furthermore, the results of proliferation 399 activity obtained for somatic and germ cells suggest that testis growth was progressing at 400 similar intensity in both experimental groups at either 8 days or 8 months of age. 401
On the other hand, the reduction of testicular weight and volume in LW boars may 402 not be related to the structural organization of the testicular parenchyma. Since there is a 403 proportion between testicular tissue components and organ size, as shown by the 404 similarities in volumetric density and number of cells per gram of testis between the 405 experimental groups, birth weight may not be associated with impaired testicular 406 organogenesis. Hence, the components and cells of the testicular parenchyma in LW 407 animals are proportional to their smaller size. 408
Studies considering different breeds have shown that testis weight and volume are 409 highly correlated to the number of Sertoli cells and this to sperm production in post-410 pubertal boars (Okwun et al. 1996; Ren et al. 2009 ). In fact, LW pigs presented a reduced 411 number of Sertoli and Leydig cells and gonocytes compared to HW group at 8 days of 412 age, which was also shown in the study of Smit et al. (2013) . Some studies demonstrated 413 that Sertoli cells can support a relatively fixed number of germ cells depending on the 414 species, for instance rabbits, rats, and monkeys (Russell and Peterson 1984; Orth et al. 415 1988) . Therefore, the number of Sertoli cells established during testis development until 416 puberty may be a limiting factor for sperm production in adulthood (Orth et al. 1988) . 417
Nevertheless, at 8 months, the differences in testis weight and volume could not be 418 explained by the number of somatic and germ cells present in the testis, which were 419 similar in both experimental groups. 420
Compromised fetal growth did not affect spermatogenic efficiency, as also 421 can be associated with a decrease in germ cell number present in seminiferous tubule at 434 stage I of the epithelium cycle. In fact, a reduction in the total number of pachytene 435 spermatocyte and round spermatids per cross section of seminiferous tubule was 436 demonstrated in the present study, which did not alter tubular diameter but affected 437 epithelium height in LW males. We believe that the decrease in the number of 438 spermatids, present in seminiferous tubule cross sections, may be related to a further 439 decrease in sperm production as germ cell division follows a geometric progression. Even 440 though a small numeric difference was observed in the early germ cells stages it became 441 more pronounced overtime, reaching statistical significance in the later stages. This 442 difference still remained for elongated spermatid number and daily sperm production in 443 8-month old boars. Assuming that sperm concentration in the ejaculate would be 444
proportional to the daily sperm production in the testis, HW boars would produce 445 approximately 34% more semen doses, based on the data presented herein (daily sperm 446 production: HW -122 x 10 6 vs LW -80 x 10 6 per testis per day). Actually, Lin et al. 447 (2015) provided evidence of deleterious effects of prenatal programming on sperm 448 production in intra-uterine growth restricted boars, whereas the present results 449 demonstrated negative effects of birth weight on germ and somatic cells population in small, 450 but perfectly formed piglets.
451
Similar testis expression of 17a-OH and plasma testosterone concentrations in LW 452 and HW boars at 8-days and 8-months of age suggest that sexual maturation may not be 453 compromised by altered fetal growth, as this enzyme, which catalyses the production of 454 precursors for glucocorticoid, estrogen and androgen synthesis, is involved in sexual 455 development during fetal life and at puberty (Majdic et al. 1996) . The absence of birth 456 weight effects on circulating testosterone levels were also reported in 10 months old 457 boars (Lin et al. 2015) . 458 21 Birth weight and spermatogenesis in boars 1 Corresponding author address: Av. Antonio Carlos, 6627; e-mail: falmeida@icb.ufmg.br Taken together, our results suggest that low birth weight is associated with a 459 decrease in testicular somatic and germ cell numbers in the neonatal period. During the 460 post-pubertal period, low birth weight affected sperm production. The reductions in 461 biometrical measures and somatic and germ cell numbers shown in the present study did 462 not seem to originate from compromised organogenesis and function, but were 463 proportional to the smaller size of the animal. However, HW boars produce more sperm 464 and consequently more semen doses per ejaculate. As semen from elite boars is in huge 465 demand around the world, elite boars that produce more sperm per ejaculate would be 466 very valuable to an industry that relies on AI. Hence, the selection of potential AI boars 467 of high birth weight would be predictive of better lifetime productivity in the boar stud. 468
Assuming that these results will be confirmed at the multiplication level in sire-469 line selection programs, the implications of birth weight for lifetime sperm production 470 seem real. This suggests that prenatal programming of testis development will 471 predetermine the reported relationship between adult testis size and lifetime semen 472 production. Therefore, additional studies are necessary to better understand the effects of 473 birth weight on other reproductive parameters related to semen quality and fertility. Table 1 . Porcine-specific primer sequences for qPCR 641
Primer names
Sequence(5'-3') Ampliconsize Testosterone (ng/mL) 2.4 ± 0.6 a 2.4 ± 0.6 a 3.9 ± 0.9 a 3.4 ± 0.9 a 17α-hydroxylase mRNA expression 9.0 ± 2.2 a 7.8 ± 1.8 a 1.8 ± 0.6 a 1.6 ± 0.5 a a,b Within a row and age sub-set, lsmeans without a common superscript differ (P < 0.05). 
